The effects of Al addition to SiNi flux on the flux-mediated pulsed laser deposition of SiC thin films were investigated. A small amount of 3 at.% Al addition was found to cause the dominant growth of a polytype of 6HSiC (0001) at an early stage of the deposition on a 4HSiC (0001) on-axis substrate even at a low growth temperature of 1160°C, at which a single polytype of 3C SiC (111) film is thermodynamically favored. The direct observation of the interface between SiC and SiNi based flux with our originally developed high-vacuum laser microscope revealed that the dissolution behavior of SiC into SiNiAl flux becomes milder than that before Al addition to SiNi flux. This feature is not inconsistent with the commonly accepted surface flattening effect of Al addition to the SiCr solvent in the flux growth of SiC bulk single crystals, and might be partially responsible for the initial preference of the 6HSiC (0001) polytype growth.
Introduction
Silicon carbide (SiC), a key material used in the power semiconductor devices, is further required to reduce its crystal defects for various applications to come in the future. SiC bulk crystals grown by the flux growth method generally have lower defect densities, in particular of the threading dislocation, than the crystals grown by the sublimation method. It is important for the growth of high-quality SiC crystals, by being restrained from taking over the defects of the seed crystal and forming the macrosteps that proceed surface roughening, to optimize the growth conditions such as the composition of alloy flux and the process temperatures. In fact, in the flux growth of SiC using Sibased alloy solvents 1) it was reported that the flux composition was a vitally important factor in polytype control of the growing SiC crystal as well as in increasing its growth rate, and reducing its defect densities and surface roughness. For one example, Ni addition is found to suppress the inclusion of 6HSiC polytype in the growing 4HSiC crystal with a SiTi based flux.
2) Another example is that Al addition is known to improve the surface morphology of the crystal grown in SiCr based flux.
3) However, the mechanisms of these additive effects have not been well unraveled yet.
On the other hand, the flux growth method has been also applied to vapor growth of various thin films, including SiC.
4)8)
Among them, we have demonstrated the capability of this fluxassisted vapor growth process, termed as flux-mediated epitaxy (FME), 9)14) to grow high-quality epitaxial films of not only high Tc superconducting and ferroelectric oxides with oxide flux, but also C 60 organic compounds with ionic liquid. Figure 1 shows a schematic of the FME process for, as an example, the growth of SiC thin films with SiNi based flux. At first, a flux film is deposited on single crystal 4HSiC by pulsed laser deposition (PLD) [ Fig. 1(a) ]. The deposited flux layer is then melted at a high temperature to form micro-liquid droplets, around which something like an ultrathin "precursor film" 15) or densely dispersed "nano droplets" exists, to cover the whole substrate surface [ Fig. 1(b) ]. Then, SiC is deposited over the liquid flux, into which the deposited SiC is once dissolved and will be crystallized on the substrate under a certain supersaturation condition. During the growth, the liquid flux always floats on the growing front like a surfactant [ Fig. 1(c) ]. After the growth, the solidified flux is removed by chemical etching [ Fig. 1(d) ]. Prior to the flux-mediated epitaxy of SiC thin films, the composition dependent thermal properties of SiNi flux such as wettability on single crystal 4HSiC were investigated using our originally developed high-temperature laser microscope (LM) in our previous study, 16) in which we predicted 33 at.% Ni to be the best composition suitable for the uniform growth of SiC thin films and, as a result, succeeded in the growth of high-quality 3CSiC (111) films with the Si 0.67 Ni 0.33 flux.
9)
In this study, we investigate the effects of Al addition to SiNi flux through the growth of SiC thin films by FME, combined with the direct observation of dissolution behavior at the interface between SiC and flux with LM, and compare the results with the commonly accepted surface flattening effect of Al addition to the Si 1¹x Cr x flux in the growth of SiC bulk single crystals. After depositing the flux bi-layer, the sample was heated up to 1160°C, a deposition temperature of SiC, by irradiating a Nd:YAG laser beam on the backside of the sample, whose temperature was measured with a radiation thermometer. A 200 nmthick SiC layer was then deposited at a repetition rate of 2 Hz and with an energy density of 3.8 J/cm 2 using a SiC (3N) target. The backpressure was below 5 © 10 ¹6 Torr during these depositions. At the growing temperature of SiC, the deposited flux became liquid, stable even under high-vacuum throughout the deposition. The remaining flux on the SiC film surface was hence removed by etching with a HF:HNO 3 (1:1) solution. The surface morphology of SiC thin films was observed by scanning electron microscopy (SEM, S-4000, Hitachi High-Technologies Co.) and atomic force microscopy (AFM, SPA-4000, Seiko Instruments Inc.). Energy dispersive X-ray spectroscopy (EDX) with which the SEM was equipped was used to examine the composition of the flux. The cross-sectional structure and polytype of SiC were characterized by transmission electron microscopy (TEM) with selected area diffraction, and the local composition ratios of Si to C were also estimated by TEM-EDX.
Direct observation of the interface between
SiC and liquid flux with LM
To understand the features of the currently used SiNiAl flux, the dissolution behaviors of single crystal 4HSiC into the flux was directly observed by a confocal laser microscope (LM, VK-X130/120, KEYENCE CORPORATION, wavelength: 658 nm, focal length of an objective lens: 20.5 mm) 9) during the heating process with a heating rate of 30°C/min. The maximum temperature was 1700°C, which was higher than the growth temperature of SiC thin films enough to clearly observe the dissolution behaviors by LM. A 1.0¯m thick flux-deposited SiC single crystal sample was heated by irradiating a Nd:YAG laser beam from the sample surface in vacuum, while the interfacial behaviors between the SiC substrate and the flux was observed from the backside of the sample through the substrate by LM.
Results and discussion
A typical SEM image of the grown SiC film before removing the flux is shown in Fig. 2 . The precipitates with a diameter on the order of a few¯m, as imaged in bright white, were found on the film surface. According to the composition of these droplets estimated by EDX analysis, it was confirmed that they were the remaining flux droplets. The film morphology outside the flux droplets exhibited a step-and-terraces structure, whereas the SiC thin film grown without flux is granulated, whose grain sizes are less than 1¯m. 9) There are no significant changes in the surface morphology of the sample before and after the chemical etching, except in the removal of the flux droplets. Furthermore, the extreme uniformity of the flux-grown film in the range over the diameters of the flux droplets suggests the existence of something like an ultra thin precursor film of the flux that has a similar effect on the SiC growth between micro-liquid droplets during the deposition of SiC. 9) Surface morphologies seem the result of step-bunching and grain boundary formation, and locally show a hexagonal symmetry. In fact, when the step-edges are more closely observed by AFM after removing the flux droplets they often have a step-edge angle of 120-degrees as shown in the inset image of Fig. 2 . This edge pattern suggests the (0001)-oriented growth of a hexagonal polytype of SiC, in contrast to the exclusive growth of the cubic polytype 3CSiC when grown using Si 0.67 Ni 0.33 flux. Figure 3 shows a set of the bright-field cross-sectional highresolution TEM (HRTEM) image and its selected area diffraction patterns for the sample after removing the flux. The stacking fault (SF) line is clearly visible running along the direction almost normal to the growing direction of the SiC thin film at a film thickness of around 6 nm. The diffraction patterns revealed that the polytype of SiC changes across the SF line: a single phase of 6HSiC (0001) first grew directly on the 4HSiC (0001) substrate up to 6 nm in thickness, and it was followed by the growth of a mixed phase of 6HSiC (0001) and 3CSiC (111). In Table 1 are presented for the upper and lower parts relative to the SF line the kind of polytypes and C/Si intensity ratio in TEM-EDX analysis, which is calibrated so that it becomes unity for an area of the SiC substrate. In our previous study, a SiC thin film grown without SiNi flux was carbon-rich with a C/Si intensity ratio of 1.24 in average and some local carbon aggregation was found in the film. 9) In contrast, the SiC film grown with SiNiAl flux has a C/Si intensity ratio of very close to 1 as in the case of the SiC film grown with SiNi flux. However, the growth of the hexagonal polytype of SiC has never been found even at the early stage of the deposition when grown with SiNi flux at the present growth temperature as low as 1160°C, at which the poytype of 3CSiC is the most thermodynamically stable. 17) 19) Therefore, these results strongly imply that one of the effects of Al addition to SiNi flux is the enhancement of the growth of a hexagonal polytype of SiC, 6H-polytype in this case, probably by partly taking over the symmetry of the used 4HSiC substrate. At such a high temperature, the flux thin film on the 4HSiC (0001) substrate had melted to become liquid droplets with a diameter of several m to 100¯m, imaged in white in the LM. It was clearly found that the dissolution of SiC into the flux droplet once occurred, followed by the generation of steps and their movements; sometimes the generated steps at different points are combined each other or crossed on the SiC surface. The steps observed at the interface with the SiNiAl flux can move freely with little bunched-step formation, indicative of its mild dissolution behaviors, as shown in Figs. 4(a)4(c) . In contrast, the advance of the parallel steps and the step-bunching were often observed at the interface with the SiNi flux as shown in Figs. 4(e)4(g), and the step motion was, as was pointed out in our previous LM study, 9) sometimes inhibited by such bunched-steps as well as defect structures such as micropipes and threading screw and edge dislocations appeared on the dissolved SiC substrate.
9)

Dissolution behavior of SiC into Si-Ni-Al flux
Surface morphologies of the SiC substrate that had contacted with the flux droplets of SiNiAl or SiNi flux droplets were observed by AFM after removing the flux as shown in Figs. 4(d) and 4(h). As is seen in the cross-sectional step height profiles, the surface morphology after etched with the SiNiAl flux is found to become smoother than that with the SiNi flux. In fact, the average step-height values calculated from a dozen of step-height profiles for the flux SiNiAl and SiNi were 28.7 « 6.9 and 42.5 « 9.1 nm, respectively. Thus, the average step-height substantially decreased by 32.5% by Al addition to SiNi flux. A more or less similar tendency in the dissolution behaviors might be observed even at the growth temperature of SiC thin films on a smaller scale that would be beyond the spatial resolution of the present LM. If this is the case, the milder dissolution should bring the inhibition of the bunched-step formation on the growing surface, which is the reason why the growing surface of a SiC bulk crystal grown from the Si 1¹x Cr x solvents becomes much more flat when Al is added to these solvents, 3) and furthermore might be partially responsible for the initial preference of the 6H SiC (0001) polytype growth in the PLD growth of SiC films with the SiNiAl flux. 
Conclusions
We fabricated high-quality SiC epitaxial films by fluxmediated PLD using SiNiAl flux. Promoting effect of Al on the preferential growth of a hexagonal polytype of SiC at the initial stage of the deposition was confirmed even at a low temperature, at which the 3CSiC polytype is the most thermodynamically stable. The mild dissolution behaviors of SiC into the SiNiAl flux, resulting in little bunched-step formation and rather free step motion, not only can explain the commonly accepted surface flattening effect of Al addition to the SiCr solvent in the flux growth of SiC bulk crystals, but also might be partially responsible for the different polytype growth behavior in the PLD growth of SiC films.
